Abstract. Electron excitation collision strengths for all the transitions among 3s, 3p, 3d, 4s, 4p, 4d, 4f states of the five Na-like ions Al III, Si IV, S VI, Ar VIII and Ca X are calculated in the R-matrix approximation. Eleven target terms are included in the expansion of the total wavefunction. These collision strengths are averaged over a Maxwellian velocity distribution to obtain effective collision strengths as a function of electron temperature. The resulting values are compared with the results of previous less elaborate calculations to find some disagreements.
Introduction
Emission lines of Na-like ions are useful in diagnostics of astrophysical and laboratory plasmas. The relative intensities of the 3p−3s and 3d−3s lines in those ions, for instance, are appropriate for the determination of temperature, because the energy separation of those levels is relatively large. (See Keenan 1993 for the general aspect of the line ratio diagnostics and Flower & Nussbaumer 1975 , Keenan et al. 1986 , and Keenan 1988 for the Na-like ions.) To derive reliable values of temperature from such line ratios, we need atomic data, particularly those on the electron-impact excitation rates of ions. The present paper presents those rate coefficients for five Na-like ions (Al III, Si IV, S VI, Ar VIII, Ca X) obtained by an accurate calculation (i.e., an eleven-state R-matrix method).
In 1987, Dufton and Kingston reported the rate coefficients for Al III, Si IV and S VI. These are based on a calculation of the excitation cross section with a 5-state Rmatrix method. For Al III, Mitroy & Norcross (1989) made a close-coupling calculation with five and nine states taken into account. They calculated also the rate coefficients. Using the data obtained by Dufton & Kingston (1987) Send offprint requests to: S. Nakazaki Correspondence to: shinobu@phys.miyazaki-u.ac.jp Table 1 . Excitation energies (in Ryd) from the ground state of the Na-like ions: comparison of the present calculation and the observed values from Moore (1971) Keenan et al. (1996) estimated rate coefficients for a number of Na-like ions, with an interpolation and scaling procedure. Keenan et al. (1996) explicitly reported the rate coefficients for the Na-like ions with Z = 15, 17−21, 23−25 and 27. Recently, Nakazaki et al. (1996, referred to as Paper I) made an elaborate calculation (i.e., with a seven and eleven state R-matrix method) for Ar VIII. They showed quantitatively the importance of resonant collisions and some details of the relevant differential cross section.
The present paper extends their calculation to four other Na-like ions (Al III, Si IV, S VI and Ca X). From the collision cross sections obtained, the rate coefficients are calculated for all the transitions among 3s, 3p, 3d, 4s, 4p, 4d, 4f states for the four Na-like ions and Ar VIII.
The resulting values are expected to be more accurate and more comprehensive than the previous ones cited above and will serve as a standard for future applications.
Theory

Target wavefunctions
The lowest eleven states of the target ion, i.e., 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d and 5f states, are included in the present calculation. Each state is represented by a configuration interaction wavefunction. The radial part of the one-electron orbitals is expressed in the Slater form
The coefficients C j and the parameters p j and ξ j for the 1s, 2s, 2p and 3s orbitals are taken from the paper by Clementi & Roetti (1974) , while those for the other orbitals are obtained with the computer code of Hibbert (1975) by optimizing those orbitals on the energy of the corresponding states. Excitation energies obtained in the present calculation are compared in Table 1 with the experimental results (Moore 1971) . The excitation energies of Ar VIII are different from those of the Paper I owing to the use of 3d orbital with three terms. Oscillator strengths for the optically allowed transitions from the ground state to 3p and 4p states are shown in Table 2 . Both the excitation energies and the oscillator strengths obtained in the present calculation are in good agreement with those of experiment and those of other calculations. This indicates the reliability of the present wavefunction of the target ions.
Collision calculations
The R-matrix theory of electron-ion collisions has been described in detail by Burke & Robb (1975) . The total wavefunction representing the electron-ion collision system is expanded in a sphere with radius r a as follows:
where A is the anti-symmetrization operator, Φ i the channel function representing the target state coupled with the spin and angular functions for the scattering electron, u ij the continuum basis orbitals for the scattered electron, and φ j twelve-electron bound configurations formed from fourteen bound orbitals. Details of the basis functions u ij and φ j are described in Paper I. The coefficients c ijk and d jk are determined by diagonalizing the total Hamiltonian of the whole system with the basis set expansion defined by Eq. (2). We use the computer code of Berrington et al. (1978) to calculate the R-matrix on the boundary of the sphere, whose radius (r a ) is taken to be 27.8, 21.0, 14.2, 11.0 and 8.8 a.u. for Al III, Si IV, S VI, Ar VIII and Ca X, respectively. We include 30 continuum orbitals for each ion. In the outer region of the sphere, a set of close-coupling equation is solved for the partial waves L = 0−10, using the asymptotic code STGF of Berrington et al. (1987) . Contributions from the partial waves higher than those are evaluated by using a two-state close-coupling approximation of Henry et al. (1981) and the Coulomb-Born approximation of Takagishi et al. (1995) .
Calculation of rate coefficients
Excitation rate coefficients C(in cm 3 s −1 ) for a transition i to f is calculated using the following formula,
where γ is the effective collision strength defined by
Here ε f is the energy of the electron after the collision, g i the statistical weight of the level i, ∆E if the excitation energy, and Ω i→f the collision strength. The temperature T e is expressed in K. To obtain the rate coefficient at high temperature, we fit the present collision strengths in the region where no resonances appear to an analytic form
where
is the incident energy in Ryd and ∆E if is given in Ryd. For a dipole-allowed transition, the form is used with D = 0 and E = 4g i f if /∆E if , where f if is the oscillator strength for i → f . The form (5) with E = 0 is used for optically forbidden cases. Thus the effective collision strength is evaluated with the collision strengths calculated in the resonance region and with the Eq. (5) otherwise.
Results and discussion
Effective collision strengths obtained for all the transitions among 3s, 3p, 3d, 4s, 4p, 4d and 4f states are given in Tables 3−7 for Al III, Si IV, S VI, Ar VIII and Ca X, respectively. The temperature range considered is around the temperature (T max ) of maximum fractional abundance in ionization equilibrium of the respective 1.01+0 1.03+0 1.02+0 1.00+0 9.66−1 9.30−1 9.08−1 9.07−1 9.28−1 9.64−1 1.01+0 species. According to the calculation by Arnaud & Rothenflug (1985) , Log T max for Al III, Si IV, S VI, Ar VIII and Ca X are, respectively, 4.6, 4.8, 5.3, 5.6 and 5.8.
For Al III, Si IV and S VI, Dufton & Kingston (1987) reported their rate coefficients for the transitions among 3s, 3p, 3d, 4s and 4p. They took account of only 5-states (3s, 3p, 3d, 4s and 4p) in their calculation. In principle, the present 11-state calculation should be much better than theirs, especially for the n = 3−4 transition. Figure 1 shows a typical example (the 3s−4p) of the comparison between their result and the present one. There is a discrepancy of up to a factor of two. Mitroy & Norcross (1989) also obtained the rate coefficient for Al III. They used five atomic states and four pseudostates (4d, 4f, 5s and 5p) in the close-coupling approximation. Their results are much smaller than those of present calculation for the 3s−4p transition, whereas for the n = 3−3 transitions the agreement between the two calculations is good within 10%. It is seen that the effect of including n = 5 states in the present calculation is important. Keenan et al. (1996) determined the rate coefficients for Na-like ions, based on the interpolation of results in the R-matrix calculations available for some particular Na-like species. When compared with the present calculation, their data in some cases show a large disagreement. Figure 2 shows one example. The procedure taken by Keenan et al. (1996) implicitly assumes a scaling of the effective collision strengths along the isoelectronic sequence.
There is no experimental determination of the rate coefficients for the Na-like ions considered here. Experimental data are available, however, for the excitation cross sections of Si IV (Wåhlin et al. 1991) and Ar VIII (Guo et al. 1993 ). In Fig. 3 , we compare the present cross section for the 3s−3p excitation of Si IV with the corresponding experimental values. No adjustment has been done of the absolute magnitude in both the cross 7.31+0 7.80+0 8.97+0 9.90+0 9.72+0 8.78+0 7.94+0 7.53+0 7.45+0 7.53+0 7.66+0 4f 3.07+0 3.31+0 3.70+0 3.87+0 3.60+0 3.11+0 2.67+0 2.37+0 2.19+0 2.06+0 1.96+0 4p -4d 7.51+1 8.45+1 1.04+2 1.22+2 1.23+2 1.14+2 1.07+2 1.11+2 1.24+2 1.42+2 1.63+2 4f 1.52+1 1.72+1 2.05+1 2.25+1 2.15+1 1.88+1 1.65+1 1.52+1 1.48+1 1.47+1 1.46+1 4d -4f 2.01+2 2.42+2 3.10+2 3.58+2 3.51+2 3.10+2 2.74+2 2.62+2 2.72+2 2.92+2 3.16+2 Fig. 2 . Effective collision strengths of the 3s−4s excitation for Ar VIII and Ca X as a function of temperature (in K). Ar VIII: --present, -· - Keenan et al. (1996) , Ca X: ---present, -· · - Keenan et al. (1996) --present, the experiment of Wåhlin et al. (1991) section data. In this sense, the agreement is quite good. For Ar VIII, a similar agreement is obtained between the present calculation and the experiment (see Paper I, where a comparison of the cross section for Ar VIII with several other calculations has also been made). Since no experimental data are available to test the resonance structure in the cross sections for the present ions, it is difficult to critically assess the accuracy of the present rate coefficients. From other R-matrix calculations for other ions, however, the values given in Tables 3−7 should be reliable for practical applications.
